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ABSTRACT 


The  problem  of  determining  quantitatively  the  exact  surface  contour 
of  large  glass  plates  is  essentially  a  problem  of  obtaining  a  large  and 
accurately  flat  reference  surface  on  which  to  base  the  measurements. 
Presently,  a  comparison  surface  of  from  12  to  15  inches  diameter  repre¬ 
sents  the  best  that  can  be  made  accurately  within  reasonable  cost.  For 
many  reasons,  comparison  plates  of  36  inch  diameter  cannot  be  made  at  all. 

A  measuring  method  is  described  which  may  be  employed  to  obtain 
the  contour  measurements  of  glass  plates  of  any  practical  size.  A  thin 
liquid  layer,  for  example,  water,  covers  the  plate  to  be  investigated* 

The  liquid  layer  provides  the  flat  and  always  horizontal  reference  plane 
from  which  quantitative  contour  measurements  may  be  made.  Interference 
phenomena  -  lines  of  constant  distance  from  the  reference  surface  -  are 
produced  due  to  reflections  on  the  liquid  layer  and  the  plate  surfaces. 
True  surface  contour  pictures  may  then  be  taken  in  one  operation. 
Quantitative  surface  measurements  can  be  calculated  from  the  pictures  by 
employing  the  known  light  wave  length. 

Many  measurements  and  studies  on  36  inch  diameter,  1-1/2*  inch  thick, 
plates  were  made  with  particular  reference  to  the  flexibility  and  deforma¬ 
tion  as  applicable  to  interferometer  development • 


PUBLICATION  REVIEW 

Manuscript  Copy  of  this  report  has  been  reviewed  and  found  satis¬ 
factory  for  publication. 

FOR  THE  COMMANDING  GENERAL: 


Engineering  Division 


AF-TR-5991 


iii 


FOREWORD 


This  report  was  initiated  and  prepared  by  the  Wind  Tunnel  Branch, 
Aircraft  Laboratory,  Engineering  Division,  Air  Materiel  Command.  The 
project  was  administered  under  Expenditure  Order  No.  905-1970,  with 
Dr.  Theodor  W.  Zobel  and  Kr.  Ferdinand  M.  ilirus  acting  as  project 
engineers • 
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INTRODUCTION 


The  problem  of  investigating  glass  surfaces  of  unusually  large  ' 
dimensions  and  of  highest  possible  quality  is  important  in  interfer¬ 
ometer  development.  Interferometers  of  satisfactory  performance  can  be 
built  only  if  reflecting  surfaces  of  an  extremely  high  degree  of  flat¬ 
ness  are  available.  Expressed  in  terms  of  the  wave  length  of  the  light 
used,  the  limit  of  inaccuracy  of  flatness  should  be  within  a  fraction 
of  a  wave  length  distributed  uniformly  over  the  entire  area  to  be 
measured. 

For  instruments  of  small  size,  with  optical  components  limited  to 
about  10  inches  diameter,  common  interference  methods  for  investigating 
the  surfaces  are  satisfactory.  The  comparison  plates  should  be  of  very 
high  and  known  quality,  and  at  least  as  large  as  the  plates  to  be 
investigated.  The  optical  components  can  be  made  sufficiently  thick 
so  that  the  flexibility  can  be  neglected. 

New  and  difficult  measuring  problems  arise  if  an  entire  quanti¬ 
tative  picture  of  the  surface  is  required  in  one  step.  This  is 
necessary  to  judge  the  surface  quality  if  the  flexibility  has  to  be 
considered.  Essentially  the  problem  of  flexibility  influences  the 
surfacing  of  glass  plates,  if  large,  thin  plates  with  a  very  high 
flexibility  are  considered. 
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SECTION  I 

THE  SURFACE  ACCURACY  AS  A  FUNCTION  OF  THE  SIZE  OF  PLATES 


Since  the  limit  of  the  total  amount  of  inaccuracy  should  have  the 
same  absolute  value  for  large  interference  plates  as  for  small  ones,  it 
can  be  understood  that  the  quality  of  the  surface  of  large  plates  must 
be  much  higher  than  for  small  ones* 

The  relationship  between  the  displacement  nhtt  and  the  size  of  the 
plate  can  be  seen  in  Figure  1* 


Since  h  R,  for  the  case  of  glass  plates,  it  may  be  stated  to  very 
close  approximation  that  MhM  varies  as  the  square  of  the  diameter,  at 
any  constant  value  of  R. 

2  hR  -  (  |  )2,  therefore  h  -  .  d2  -  const,  d2  (See  Figure  2) 
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P^s  relationship  is  illustrated  in  Figure  2  which  shows  that 
doubling  the  diameter  of  the  plate  would  result  in  four  times  the 
number  of  ring  shaped  interference  fringes,  tripling,  in  nine  times 
as  many,  etc. 

Because  of  this  relationship  the  difficulties  for  both  surfacing 
and  testing  increase  tremendously  with  increasing  size  of  the  glass 
plates .  & 


SECTION  II 

THE  COKUON  INTERFERENCE  1IETH0D  OF  TESTING 
GLASS  SURFACES  OF  SHALL  DB'JENSIONS 


An  accurate  way  to  determine  surface  qualities  is  the  production 
of  Newton's  fringes  within  the  air layer  between  an  exact  and  known 
comparison  surface  and  the  surface  to  be  measured* 

In  Figure  2,  "A"  is  the  flat  comparison  surface  and  "B",  the  sur¬ 
face  to  be  investigated.  It  is  assumed  that  the  surface  to  be  tested 
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is  spherical.  After  the  relations  shown  in  the  foregoing  section,  the 
deviation  ”hM  from  the  absolute  flatness  is: 


This  deviation  from  flatness  of  the  plate  surface  can  be  measured  as 
h  =  N’X/?.  ,  where  M  is  the  number  of  fringes.  Then  the  radius  of 
the  curvature  of  the  surface  to  be  investigated  can  be  calculated  as : 

~  2  _2 
r  =  r__  = 

2h  NX. 


Figure  U  shows  a  test  arrangement  based  on  the  idea  described 
above  for  investigating  glass  surfaces.  The  light  coining  from  a  mono¬ 
chromatic  light  source  is  used  for  the  measuring  process  as  an  approxi¬ 
mated  parallel  light  beam.  A  lens  system  produces  a  sharp  interference 
picture  showing  the  contour  of  the  surface  being  tested  on  a  screen  or 
in  a  camera. 

The  interference  fringes  are  produced  by  single  light  rays  split 
or  divided  into  two  components j  one  component  is  reflected  from  the 
lower  surface  of  plate  5>  and  the  other  from  the  upper  surface  of  plate 
6.  The  centers  of  the  dark  regions  observed  represent  those  positions 
where  the  phase  difference  between  the  components  is  IT  radians.  This 
means  positions  where  the  effective  optical  path  difference  is  one^-half 
wave  length  (  ^-/z  )  or  odd  multiples  of  half  wave  lengths  ( -V2  >  v* 

'H/z  ,  .  .  etc.)  after  considering  reflection  from  plate  6  is  accompanied 
by  a  phase  reversal.  The  distance  from  one  fringe  to  the  next  adjacent 
fringe  corresponds  to  a  change  of  one-half  wave  length  in  the  distance 
between  the  reflecting  surfaces  5  and  6,  because  the  light  reflected 
from  surface  6  traverses  this  gap  twice. 
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Fig.  4-  Common  interference  method  for 
testing  plate  surfaces. 
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(a)  Convex  surface 


Comparison  /plate  in  {if ted,  position. 


Surface  to  be  investigated. 


Moving  of  the  middle  figure 


Original,  middle  figure 


Middle  figure  after  lifting. 


(b)  Concave  surface 

r nmnrvricnn  n/nrfo  in  HffoH  nnsihnn 


Middle  figure  after  lifting. 


Fig.  5.  Lifting_  of  the  comparison  plate  to  determine 
the  kind  of  a  curvecLsurface . 


AF-7R-5991 


5 


Convex 


Convex 


Concave 


/7ff  6.  Determination  of  the  curvature,  of  the  plate  surface  by 
side  lifting  of  the  comparison  plate  (see  the  arrows) 


The  location  and  form  of  the  fringes  depend  upon  the  relative 
inclination  of  the  surfaces.  The  interference  pattern  therefore  shows 
a  picture  of  the  surface  contour  represented  by  lines  of  constant  dis¬ 
tance  from  the  comparison  surface.  This  method  works  well  but  requires 
a  comparison  plate  as  large  or  almost  as  large  as  the  plate  to  be  investi¬ 
gated. 

The  sign  of  the  curvature  (convex  or  concave)  can  be  determined  by 
lifting  the  comparison  plate  either  parallel  with  its  original  position 
or  at  one  side.  (See  Figures  5  and  6.)  The  resultant  movement  of  the 
so-called  M middle  figure  n  can  be  used  to  determine  the  surface  shape. 

The  middle  figure  is  the  characteristic  pattern  which  appears  at  places 
where  the  tangents  on  both  surfaces  are  parallel.  Its  location  depends 
upon  the  inclination  of  the  comparison  plate,  (See  Figures  5a>  £>• ) 

A  comparison  plate,  if  it  is  to  serve  for  large  plates,  should  be 
as  large  a 3  the  plate  to  be  tested,  should  have  negligible  flexibility, 
and  should  have  optical  perfection,  A  comparison  plate  of  such  large 
dimensions  is  impractical. 


SECTION  III 

THE  INFLUENCE  OF  THE  FLEXIBILITY  ON  THE  MEASURING 
AND  SURFACING  PROCESS 


The  measuring  problem  changes  if  the  flexibility  of  the  comparison 
plate  and  the  plate  to  be  investigated  can  no  longer  be  neglected.  Such 
a  problem  arises,  for  example,  in  using  glass  plates  36  inches  in  diameter 
and  1—1/1;  inches  thick. 

The  reason  for  proposing  that  such  thin  plates  be  used  for  large 
interferometers  is  that  a  wider  selection  of  glass  sheets  of  this  thick¬ 
ness,  and  of  a  sufficiently  high  optical  quality  can  be  found  which  are 
relatively  inexpensive  and  available  in  a  wide  variety  of  sizes. 


It  is  almost  impossible  to  produce  large  sheets  of  thick  optical 
glass  of  high  quality  with  a  ratio  of  thickness  to  diameter  of  about 
1:10  up  to  1:5.  The  flexibility  of  such  thick  sheets  still  could  hot 
be  neglected.  The  deflection  of  a  horizontal  glass  plate  caused  by  its 
own  weight  can  be  calculated  as  follows,  (Reference  2): 


horizontal 
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The  specific  load  is  given  by: 

( sk-HL) 
v  I-' 

For  the  1+5°  position,  as  shown  in  Figure  7,  the  effective  weight. 
If,  causing  the  deflection,  f,  is  reduced  to  7f  /  /27  Therefore: 

Peff  =-$r  =w~ 

has  to  be  introduced  in  the  formula  above  so  that  it  reads: 
f  .  =  0. 696-  j*  =  o.  696-—-  ^  ^  =  ^horizontal 


45 


VF-E-t3 


VF-E-t3 


VT 


As  shown  in  Figure  22,  the  deviation  of  a  glass  plate  36  inches  in 
diameter,  1-1/4  inches  thick,  was  found  as: 

horizontal  “  30  *  or  60  frinSe5 
^45°  =  ilox^?n^a^  =  21.2  A  or  42.+  fringes 


Then  a  glass  plate  of  3.6  inches  thickness  as  shown  in  Figure  7 
would  still  show  a  deflection  of: 

f45°-  )2'  21.2  X  “  2.54 X  or  5.08  fringes 

(1:10) 

Even  with  a  thickness  to  diameter  ratio  of  1:5,  the  deflection  would 
exceed  ty  far  the  requirements  of  interference  quality: 

•^45°  =  (  7 *  21.2  A  —  0.635  A  or  1.27  fringes 
(1:5)  1 

This  means  that  the  flexibility  should  be  considered  in  the  grinding  and 
polishing  process .  If  the  flexibility  problem  can  be  solved  at  all,  in 
principle,  thin  plates  present  a  better  possibility  of  obtaining  high 
quality  optical  glass  in  large  sheets j  they  would  be  less  expensive  and 
more  suitable  for  correcting  purposes . 

The  measuring  problem  is  illustrated  by  an  extreme  example.  (See 
Figure  S.) 


The  plate  to  be  investigated  is  6  times  larger  in  diameter  than  the 
comparison  plate.  As  far  as  the  center  part  of  the  system  is  concerned, 
the  measuring  system  works  accurately  because  of  the  relationship  of  all 
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Fig.  8  Measuring,  g_  Large  plate  surface  using,  a 
small  comparison  plate  of  high  Quality. 
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components  to  the  comparison  surface.  This  relationship  is  lost,  however, 
if  the  small  plate  is  moved  over  the  surface  of  the  large  plate. 

Since  it  is  probable  that  the  surface  of  the  plate  to  be  tested  is 
not  uniformly  curved,  but  irregular,  in  every  position  the  small  plate 
adjusts  itself  to  the  large  plate.  A  relationship  no  longer  exists  be¬ 
tween  the  surface  to  be  investigated  and  an  exactly  defined  position  of 
the  comparison  surface.  If  a  small  comparison  plate  is  moved  over  a 
large  plate,  the  small  single  interference  pictures,  taken  in  each  posi¬ 
tion,  have  no  known  relationship  to  each  other  and  to  a  definite  position 
of  the  comparison  surface. 

The  measuring  accuracy  achieved  on  the  center  area  with  the  small 
comparison  plate  could  be  approximated, in  principle,  with  a  large  com¬ 
parison  plate  of  proven  quality  with  negligible  flexibility  and  refraction 
effects.  ^uch  a  comparison  plate  would  be  an  extremely  expensive  meas¬ 
uring  tool  if  it  could  be  made  at  all.  It  could  not  be  used  practically 
because  its  weight  would  change  entirely  the  surface  conditions  of  the 
plate  to  be  investigated.  However,  even  neglecting  the  weight  of  the 
comparison  plate,  the  system  does  not  work  correctly,  since  no  defined 
position  of  the  comparison  plate  exists  in  every  location* 

This  fact  is  illustrated  in  Figures  9  and  10  where  it  is  shown  how 
the  mosaic  of  single  small  6n  x  6”  areas  of  the  36  inch  diameter  plate 
differs  from  the  actual  entire  surface  picture*  (The  actual  surface 
picture  is  obtained  by  an  exact  method  which  is  described  in  a  later 
section.) 


From  these  facts  it  is  apparent  that  exact  interference  measurements 
on  large  plate  surfaces  can  be  made  in  one  step  only  if  a  comparison 
surface  of  the  highest  possible  degree  of  flatness  is  available^,  which 
is  as  large  as  the  surface  to  be  investigated,  and  for  which  the  position 
is  defined.  Such  a  position  could  be,  for  instance,  the  horizontal 
position. 


SECTION  IV 

A  NEW  INTERFERENCE  METHOD  FOR  MEASURING 
UNUSUALLY  LARGE  GLASS  SURFACES 


As  far  as  the  quality  of  a  surface  is  concerned,  a  liquid  layer 
with  small  viscosity  is  almost  perfect.  Even  if  the  area  is  unusually 
large,  the  influences  of  vibrations  and  temperature  changes  in  the 
measuring  room  can  be  controlled.  Undisturbed  liquid  layers  can  be 
assumed  as  practically  flat,  except  for  the  uniform  curvature  of  the 
earth  itself  which  is  calculable  and  negligibly  small. 
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FiaQ  A  singh  interference  picture.  ofJL  PML  of  the  surface  of  a 
36  inch  diameter  elate,,  produced,  byjUkl  inch  comparison  plate 

of  interference  quality. 
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Bq- UL  Mosaic  Qf_singl9_  fntorference  Q/cturos  compared,  with  the 
undisturbecj  actual  surface  picture  ofjhe  entire  area. 
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If  d  esired,  the  influence  of  the  curvature  of  the  earth  can  be 
taken  into  account,  and  the  amount  of  the  correction  would  be  constant. 
The  deviation  from  absolute  flatness  can  be  calculated  as: 

,  r2  (See  Section  II) 

h  =  Tr 


If  the  plate  with  36  inches  diameter  should  be  covered  with  water,  for 
example,  the  data  are: 

r«  0.5  m  >  the  radius  of  the  plate  to 
be  tested 

R  «s  7-106m  ,  the  radius  of  the  earth 

0.3  m  _  27.10  8m  or  h  =  1.7-10  \m 
14  •  106m 

V&th  a  wave-length  A  «  0. 0005^61  man,  which  corresponds  to  the  green 
mercury  line,  the  effective  wave-length  within  the  water  layer  becomes: 


\i  \  0  ooo  F461  -i  i  0.000,017,85  a i  1  V 

X-^=^P'aooo’41’,mand  h  =  0.000,4— ■ ^ gj' x 


Therefore,  the  deviation  from  flatness  because  of  the  curvature  of  the 
earth  is: 


corresponding  to 


1 .  _  fringe  as  a  constant 
H.5 


value  uniformly  distributed  over  the  entire  area  of  the  surface. 


Other  important  facts  are  that  the  liquid  surface  is  not  only 
flat  but  also  horizontal.  For  this  reason  absolute  measurements  can 
be  made  because  of  the  constant  and  known  position  of  the  comparison 
surface. 


The  liquid  layer  can  be  very  thin  so  that  its  weight  is  negligible. 
Also,  the  optical  density  is  uniform,  which  means  that  the  refraction 
index  within  the  liquid  layer  is  constant. 


Figure  11  shows  the  measuring  method  described  in  the  foregoing 
section,  compared  with  the  new  more  exact  method  using  a  liquid  as  the 
comparison  surface.  It  can  be  seen  that  even  for  selected  small  area 
tests,  a  true  surface  contour  picture  can  be  obtained  by  the  liquid 
method  because  of  the  constant  conditions  of  the  liquid  layer. 
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Figure  12  illustrates  the  principle  of  the  new  test  arrangement  as 
it  has  been  used.  The  optical  arrangement  realizes  a  coincidence  method. 
The  approximately  parallel  light  beam  traverses  the  water  layer  to  the 
glass  platej  and  the  interference  phenomena  are  produced  by  light  which 
is  reflected  at  the  liquid  and  the  glass  surfaces.  The  liquid  layer  is 
used  as  the  comparison  plate*  The  appearance  of  the  interference  phe¬ 
nomena  can  be  changed  by  changing  the  position  of  the  plate  to  be  tested 
relative  to  the  liquid  layer  by  means  of  a  three  point  adjusting  system. 

As  shown  in  Figure  12,  the  plate  to  be  tested  was  lying  on  a  ring 
in  order  to  measure  the  real  flexibility  of  the  plate.  A  rubber  ring  (10) 
sealed  the  plate  against  the  tray  so  that  no  water  was  under  the  plate 
and,  therefore,  the  plate  was  loaded  only  by  its  own  weight.  The  weight 
of  the  very  thin  liquid  layer  above  the  plate,  which  was  uniformly  dis¬ 
tributed  over  the  entire  plate  surface,  was  negligible.  If  the  surface 
of  the  plate  was  uniformly  curved  and  the  plate  adjusted  for  parallelism 
of  the  tangents  at  the  plate  center  and  the  comparison  water  level,  a 
pure  ring  shaped  pattern  would  appear. 


Figure  13  illustrates  the  working  process  of  the  Liquid- Interference 
method  when  a  ring  shaped  pattern  is  produced  by  the  superposition  of 
plane  wave  fronts  reflected  from  the  water  level,  and  spherically  curved 
wave  fronts  formed  by  the  reflection  from  the  concave  surface  of  the  plate 
to  be  tested.  The  angle  between  two  interfering  light  rays  is  given  by 
the  relations*. 


See  Figure  13 


The  formulas  above  are  valid  only  as  long  as  the  {slightly  curved 
wave  front  reflected  on  the  surface  to  be  investigated  can  be  assumed  to 
be  approximately  plane  over  each  width  of  fringe.  Since  the  wave  length 
of  the  light  within  the  water  layer  is  known  as  A*  =  A/i.33  and  the 
fringe  width  can  be  measured  on  the  interference  picture,  the  angle  oCi 
can  be  calculated.  A  horizontal  flat  plate  would  correspond  with  0j 
R  ®  00  and  b  «  00  f  and  no  interference  fringe  would  appear  in  the  field. 
Given  an  adjustment  for  cci  O  ,  the  perfect  plate  would  show  parallel 
and  straight  interference  fringes. 


Figure  ll;  represents  a  typical  interference  pattern  produced  by  a 
water  layer  above  a  glass  plate.  The  surface  condition  of  a  curved  area 
is  picked  out  of  a  large  plate  surface.  The  quantitative  picture  shows 
the  interference  lines  as  lines  of  constant  distance  from  the  water 
level.  The  distance,  b,  between  the  single  fringes  corresponds  to  a 
difference  in  height  of  half  a  wave  length,  A/2  f  of  the  light  within 
water.  The0light  used  for  the  picture  was  the  green  mercury  line  with 
A  ■  5^6lA  (Angstroem  units,  l£  =  10“ 7mm) • 
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Fig.  II  The  location  of  the  comparison  surface  relative  to  tho  surface  to  be  measured 
in  the  common  wav  compared  with  the  conditions  of  the  liouid  interference  method. 


hgJ2  The  principle  of  a  test  grrangernent  ofjhe 
liquid  interference  method. 
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Fia/3  The  physical  princid^fJhsJJguM 
Interference  Method. 
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Bo  /O  Interference  pattern  produced  between 
the  surfgceof_a_ glass  plate  and  the  surface  of 
a  comparison  water,  layer  covering,  the  plate 
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The  little  spots  in  the  picture  are  small  particles  of  dust  floating 
on  the  water  surface  which  do  not  disturb  the  characteristic  interference 
picture • 

This  liquid  method  is  especially  suitable  for  investigating  unusu¬ 
ally  large  plate  surfaces  in  order  to  determine  the  flexibility  of 
plates  and  to  study  the  deformation  of  plates  for  making  optical  correc¬ 
tions  •  For  high  quality  measurements ,  the  influence  of  vibrations  on 
the  liquid  must  be  considered  as  well  as  the  influence  of  temperature 
changes*  However*  even  under  unfavorable  circumstances,  the  method  has 
given  some  consistent  results*  One  example  is  shown  in  Figure  15  of 
investigations  on  a  56  inch  plate.  The  entire  building  was  subjected 
to  very  noticeable  vibrations  because  of  construction  woik  being  done 
on  the  foundation.  Five  different  thicknesses  of  water  layer  were  used 
to  determine  their  effect  on  the  surface  picture  of  the  36  inch  diameter 
plate.  The  thickness  was  varied  between  3*0  nm  and  0.9S  mm,  measured 
in  two  different  ways  with  an  accuracy  of  ±0.01  mm.  In  the  handling 
process,  very  small  inclinations  of  the  plate,  relative  to  the  defined 
horizontal  position  of  the  water  layer,  could  not  be  avoided,  This  can 
be  seen  by  the  location  and  form  of  the  middle  figure  corresponding  with 
the  Y-shaped  orientation  system  in  each  picture,  ■'■he  photographs  show 
almost  the  entire  area  of  the  36  inch  diameter  plate.  Despite  unfavorable 
influences,  the  individual  pictures  for  the  different  water  layer  thick¬ 
nesses  look  similar.  The  evaluation  of  these  pictures  through  one  sec¬ 
tion,  A-B,  is  represented  in  the  diagrams  in  Figure  16.  In  the  lower 
part  of  the  figure,  the  individual  curves  for  the  section  A-B  through 
the  surface  are  shown.  These  were  corrected  for  the  shift  of  the  entire 
curves  relative  to  the  horizontal  comparison  base.  The  superposition 
of  all  five  curves  in  the  upper  part  of  Figure  16  shows  a  good  agreement 
with  the  results  of  the  single  measurements. 

The  liquid  method  will  still  work  reliably  without  a  concave  mirror 
as  large  as  the  surface  to  be  investigated.  An  actual  surface  picture 
may  be  obtained  by  moving  a  smaller  concave  mirror  over  the  surface  and 
then  placing  together  the  individual  surface  pictures  obtained.  Figure  17 
shows  the  surface  picture  of  the  entire  area  of  a  36  inch  diameter  plate 
using  a  concave  mirror  of  the  same  size.  Figure  Z&  shows  the  picture  of 
a  small  part  of  the  area  using  a  small  concave  mirror  for  the  measuring 
system  in  one  position.  Figure  19  illustrates  how  the  mosaic  of  a 
number  of  adjacent  small  areas  appear  superimposed  on  the  original  full 
picture  by  moving  the  small  mirror  across  the  plate.  However,  it  is 
much  easier  to  woric  with  a  full  size  mirror  arrangement  where  the  entire 
surface  picture  can  be  taken  in  one  step. 
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SuQerQQsjtiQD. 
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/6.  Surface  profile  of_a  36  inch  diameter  elate,  I'A  inches  thick,  along,  section  A~B  at  5  differ e 

thjcjnmSQS  of  the  liguIcL  layer.  fAnole-correction  fgrthesame  average  egs/t/on  of  the  Plato  is  made) 


69 JL  The  interference,  ogttgni  nf  the surface,  of_a_  well 

ground  and  polished  alass  ntnte  an  inches  in  diameter. 

!'A  inches  thick, \  produced  bv  the  interference  liquid  method 
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fig  18 . Interference  picture  of  o  part  of  the  56  inch  diameter- 
surfaco.  ancj  water,  layer  obtained,  by_  using,  a  concave 
mirror  8.5  *  8.5  inches. 
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FigJQ.  Mosaic  strip  of  small  interference  pictures  across 
onQ  section  ofthe  large  surface  compared  with  the  total 
surface  pjctm  (ComparQ  with  Fia.  10.) 
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SECTION  V 


THE  FLEXIBILITY  OF  GLASS  PLATES 


In  the  problem  of  building  interferometers  of  unusually  large 
dimensions,  the  flexibility  of  the  glass  plates  is  the  most  important 
and  difficult  property  to  be  controlled.  Because  of  their  flexibility, 
glass  plates  become  deformed  in  every  position  by  their  own  weight. 

The  deformation  caused  by  the  weight,  for  instance,  can  be  expressed  by 
the  deflection  of  plates  in  a  horizontal  position  supported  around  the 
border.  The  displacement  of  the  center  is  then  given  bys 


f  =  0.696 


E"t3 


0.696 


E*t5 


=  0.696 


tf-r 

E*t4 


where  f  ■  specific  weight  of  glass;  hence  (see  Reference  2). 

This  formula  shows  that  the  deflection  of  a  plate  increases  with  the 
fourth  power  of  the  radius  and  decreases  v/it^i  the  square  of  the  thick¬ 
ness. 

In  all  cases  where  the  flexibility  cannot  be  neglected,  it  should 
be  considered  during  the  measuring  and  surfacing  process.  In  Figure  20, 
the  plate  in  the  vertical  position  has  its  natural  form  since  the  verti— 
cal  weight  component  in  this  position  is  negligible.  In  the  horizontal 
position,  during  the  finishing  and  polishing  process,  the  plate  conforms 
to  its  base  and  a  high  degree  of  flatness  may  be  attained.  However, 
after  the  plate  is  returned  to  the  vertical  posit ion, because  of  the 
retention  of  the  irregularities  from  the  horizontal  position,  the  sur¬ 
face  now  differs  from  that  in  the  previous  vertical  position  prior  to 
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Because  the  high  quality  plates  and  mirrors  of  interferometers  used 
for  wind  tunnel  purposes  are  normally  installed  in  an  oblique  position 
(normally  at  about  k5°)  the  problem  is  very  difficult.  An  important  step 
in  this  work  is  to  find  out  the  true  flexibility  of  a  well-ground  and 
polished  glass  plate  and  to  determine  quantitatively  the  difference  in 
snape  between  an  unloaded  plate  (as  in  the  vertical  position)  and  a  plate 
loaded  by  its  own  weight.  The  condition  of  an  unloaded  plate  was  realized 
by  floating  a  plate  in  mercury.  As  long  as  the  differences  in  the  thick- 
ness  of  the  plate  are  extremely  small  compared  with  the  thickness  of  the 
plate  itself  the  differences  in  bouyancy  force  are  negligible.  It  can  be 
assumed  that  the  plate  floating  in  mercury  is  uniformly  supported  by  the 
mercury  and  has  the  characteristics  of  a  weightless  plate.  The  inter¬ 
ference  pattern  of  an  unloaded  plate  can  be  obtained  when  th§  plate  is 
floating  in  mercury,  and  is  covered  by  a  thin  water  layer.  When  supported 
in  any  other  way  the  plate  would  show  a  different  surface  form  due  to  the 
deformation  by  its  own  weight.  The  difference  between  the  basic  figure 
and  the  figure  while  the  plate  is  bent  shows  the  true  picture  of  the 
flexibility  of  the  plate.  (See  Figures  21  and  22.) 


The  plate  to  be  investigated  was  ground  and  polished  until  the 
surfaces  were  almost  uniformly  curved.  A  comparison  of  both  pictures 

^  s^ows  remarkable  difference  in  fringes  which  corresponds 
with  the  change  of  curvature.  The  picture  of  the  unloaded  plate  shows 
how  different  the  surface  is  from  an  even  surface  or  from  a  uniformly 

Tf  +high  qu!lit5r*  The  flexibility  is  again  illustrated 
in  rigure  22.  In  the  center  area  the  size  of  an  available  comparison 

+,  lnterf®rence  quality  (6”  x  6»)  is  shown  in  the  photographs  and 

the  diagram  of  Figures  21  and  22.  It  is  very  difficult  to  get  large. 

plane  surfaces  within  a  part  of  a  wave  length  when  the 
eight  of  the  plates,  supported  horizontally  around  the  edge, cause  dis- 

fieSbSitv  thp°S  J°  frinf^or  55  wave  lengths.  In  considering  the 

?  + by 9  th®  flatness  of  the  surface  of  a  glass  plate  can  be  described 
JT  ln  tQrms  of  wave  lengths  for  a  given  position  of  the  plate  and  for 
a  given  supporting  system. 

processeand1tiSJamno+m^ft  ??  ha^di®d  very  carefully  during  the  measuring 
d  mu?t  b®  allowad  for  a  plate  to  assume  its  new  form 
Position  is  changed.  It  was  observed  that  the  original  sur- 

fr  Hif?AdltJ0nS  °f  lWell"ground  and  Pdished  plate  could  be  reproduced 
i*  d^f!f?nb,ways .®fter  handling  the  plate.  After  the  plate  was  standing 
+  hA  mJ®rti?al  Position  on  a  shelf  for  a  few  months,  it  was  carried  to 
the  measuring  device  and  floated  in  mercury.  Shortly  thereafter,  the 
surface  showed  a  pattern  with  many  fringes  similar  to  the  figure  when 
the  border  and  bent  by  its  own  weight.  The  pattern 
changed  with  time,  however,  and  after  several  hours  the  original  picture 
of  the  unloaded  condition  was  observed.  (See  Figure  23.) 

^o/°r  purpos®s,?f  stud^  the  two  surfaces  of  a  test  olate  were  pre¬ 
pared  very  carefully.  When  unloaded,  surface  No.  1  was*  intended  to  be 
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Fig.  21.  The  Flexibility  of  a  Well  Ground  and  Polished  Glass  Plate,  36  Inches  in  Diameter,  1-1/4  Inches 
Thick,  Under  the  Influence  of  its  Own  Weight,  Demonstrated  by  the  Interference  Pattern  on  One 
Surface.  (Quantitative  Data) 


Plate  supogrted_Qn  &  ring 
Full  weight  working 
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fig  23.  Temporary  change  of  the  surface  ofjj  wed  ground  and  polished  glass  plate,  36  inches  in  diameter; ! 'A  inches 
thick,  gfter_  ^moving  p  3  point  support  and  handling  the  plate .  No  effect  tf  weight.  Plate  floating,  in  mercury. 


uniformly  concave  to  show  only  a  pure  ring  shaped  interference  pattern 
with  10  wave  lengths  maximum  displacement.  Surface  No.  2  was  intended 
to  be  uniformly  concave  but  lower  in  quality  and  to  show  more  pure  ring 
shaped  fringes .  This  plate  was  measured  with  the  liquid  method  while 
floating  in  mercury  and  covered  Jy  a  water  layer.  The  result  is  pre¬ 
sented  in  Figure  2lw  The  fact  illustrated  is  that  the  original  pattern 
in  both  surfaces  was  entirely  different  from  the  pattern  desired*  Both 
surfaces  are  very  irregular.  Surface  No.  1  was  more  uniformly  curved 
than  surface  No.  2.  The  pattern  in  Figure  25  shows  a  saddle  figure 
representing  a  surface  of  low  accuracy  because  it  has  two  different 
signs  of  curvature  in  the  same  surface,  and  a  transition  between  both. 
Both  surface  pictures  are  evaluated  along  two  sections,  illustrated  in 
Figure  25  for  the  better  surface.  No.  1,  and  in  Figure  26  for  the  poorer 
surface.  No.  2. 


Upper  surface  (va  /  lowor_  surface  No.  2 

Fig  2 A.  The  actual  /surfaces  of  a  well  ground_  and  polished  sample  (Me  of36inch‘A/nch  thicK_ 
FA  inches  thicKj  prepared  gsa_fMe_  with  nngjhaQed_ggttern  when ~  unloaded. 

A  perspective  representation  is  made  for  surface  No.  1,  (Figure  27), 
demonstrating  some  of  the  basic  problems  connected  with  the  problem  of 
building  interferometers  of  unusually  large  dimensions. 

It  is  the  belief  of  the  authors  that  this  problem  can  be  solved 
only  by  controlling  the  flexibility  during  the  grinding  and  polishing 
process  and  by  using  a  quantitative  measuring  method  which  permits  a 
picture  of  the  entire  surface  in  one  step. 


AF-TR-5991 


50 


Fin.  25  The  actual  surface,  profile  of_a  well  ground,  and.  polished  sample  plate 
36  inches  in  diameter,  !'A  inches  thicK,  prepared  as  a  plate  with.  a  <J!lifgrml}L 
curved,  surface,  and_  only,  a  few  rings  in  the  pattern. 


fig.  23.  The  actual  surface  profile  of  a  well  ground,  and  polished,  sample  plate 
36  inches  in  diameter .  FA  inches  thick,  prepared  as  a  elate  with  a  uniformly  curved 
surface.  gncjg  larger  number  of  rings  in  the  pattern  than  in  surface  No.  / 


Surface  A toJ  (m/m) 


QgTL  Perspective  rep_resenMm  otthe  actual  surface  ofjhe  welL  ground  gnd_  polished 
£QWBle_  plate  36_  inches  in  diameter,  l%_  inches  thick 


SECTION  VI 

OPTICAL  CORRECTIONS  BX  DEFORCING  REFLECTING  SURFACES 


_  previous  discussion  it  was  determined  that  the  accuracy  of 

36  inch  plates  should  be  16  times  higher  than  the  accuracy  of  9  inch 
plates.  If  small  plates  with  about  1/U  fringe  over  the  entire  field 
represent  the  average  which  are  available  for  interference  purposes, 
the  difficulty  of  increasing  this  accuracy  16  times  in  order  to  get  36 
inch  plates  with  1 /h  fringe  inaccuracy  over  the  entire  field  may  be 
appreciated.  The  question  arises  whether  or  not  it  is  possible  at  all 
to  obtain  such  qualities  on  large  thin  sheets  by  ordinary  grinding  and 
polishing  and  at  reasonable  cost.  After  it  was  found  that  optical  cor¬ 
rections  could  be  made  by  deforming  reflecting  surfaces  of  small  inter¬ 
ferometer  mirrors  having  slight  but  uniform  curvature,  the  first  step  of 
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deformation  on  large  sheets,  36  inches  in  diameter,  was  attempted*  (See 
Reference  6.)  One  of  the  plates  described  in  the  foregoing  section  was 
used  as  a  test  plate  in  spite  of  the  fact  that  its  surface  quality  was 
much  too  poor  for  ary  interference  purposes. 

The  liquid  interference  method  was  used  in  order  to  find  out  what 
amount  of  deformation  could  be  realised  on  large  plates  of  the  size  under 
consideration  and  how  the  deformation  process  worked.  One  example  is 
illustrated  in  the  four  photographs  of  Figure  22 .  The  test  arrangement 
was  the  same  as  shown  in  Figure  13  except  for  the  supporting  system  for 
the  plate  to  be  tested  and  deformed.  Photograph  1,  Figure  22,  shows  the 
interference  pattern  on  the  surface  of  the  test  plate  when  the  plate  was 
unloaded  by  floating  it  in  mercury.  Photograph  2,  Figure  22,  shows  the 
same  plate  while  supported  on  12  border  screws  of  a  deformation  support 
plate.  Only  a  thin  water  layer,  rested  on  the  glass  plate  surface;  hence 
it  was,  in  effect,  loaded  by  only  its  own  weight.  Each  border  screw  was 
opposed  by  a  counter  screw  to  fix  the  location  of  the  plate  when  more 
screws  from  underneath  were  used  to  deform  it.  The  almost  symmetrical 
appearance  of  the  surface  figure  of  the  plate  while  bent  by  its  own 
weight  in  Photograph  2,  Figure  22,  was  the  result  of  a  careful  adjust¬ 
ment  of  the  12  border  screws.  The  initial  figure  appeared  very  different 
and  irregular.  The  main  idea  of  the  tests  was  to  find  out  how  the 
bending  process  worked  if  only  the  center  screw  vreie  used,  and  what  im¬ 
provement  of  the  result  could  be  expected  when  a  number  of  deforming 
screws  were  used. 

Photograph  3,  Figure  22,  illustrates  the  plate  surface  when  the 
plate  was  lifted  by  the  center  screw  so  far  that  the  former  concave  sur¬ 
face  had  already  changed  in  the  center  area  to  convex  and  the  plus  and 
minus  displacements  had  about  the  same  average  value.  The  evaluation  of 
this  photograph  at  three  different  sections  is  shown  in  Figure  29.  It 
shows  that,  within  the  main  part  of  the  surface  area,  the  total  displace¬ 
ment  could  be  reduced  to  about  1/20  f  with  the  center  screw  only. 

The  next  step  of  deforming  the  plate  with  a  number  of  screws  is 
illustrated  in  Photograph  i*,  Figure  22.  It  was  found  by  the  experiment 
that  no  definite  relationship  for  the  bending  could  be  established  if  a 
number  of  screws  were  used,  b  ecause  each  screw  spreads  its  influence 
over  the  entire  area  in  an  uncontrollable  manner.  Illustration  i+, 

Figure  22,  represents  the  average  condition  which  could  be  obtained. 

As  seen  in  Figure  30,  the  result  was  almost  the  same  for  the  larger  part 
of  the  surface  as  it  was  by  the  deformation  with  the  center  screw  alone. 
Only  the  border  area  was  somewhat  improved,  indicating  that  the  elastic 
characteristics  of  the  deformed  surface  are  largely  controlled  by  the 
effect  of  the  center  screw. 

In  the  present  example,  with  a  relatively  poor  plate,  better  results 
could  not  be  expected.  Of  course,  in  a  practical  use  of  the  deforming 
process  for  making  optical  corrections ,  the  curvature  of  the  shaped  plate 
should  be  uniform  (i.e.,  showing  a  ring  shaped  interference  pattern  when 
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Basic  surface  pattern  when  uniogaea 
No  uniformity i  Plate  floating,  in  mercury 


Plate,  deformed  bv  its  own  weight,  when 
supported  on  12  border  screws. 


different  screws . 


F[g.28_  The  influence  g/Jhede/prmgtjon  on  the  surface  shape  of  a  well 
ground  and  polished  glass  plate  36jnches  in  diameter  lAJnches  thick 


Maximum  displacement  f 


F[g.30_  Tho  ripfnrmnfinn  nfu  well  around  and  polished  glass,  olsti.  36  inches  in  dimeter,  (A  inches  thig 
by several  screws  while  supported  between  !2  screws  and,  loci  screws  along  the  QeriQhery. 
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not  loaded)  and  the  number  of  fringes  should  be  much  smaller.  If,  for 
ins  nee,  a  plate  would  show  10  ring  shaped  interference  fringes,  corre¬ 
sponding  with  a  total  displacement  of  5  wave  lengths,  and  if  the  same 
correction  couid  be  obtained,  that  is,  to  ±  1/20  f,  the  -final  accuracy 
°f. J'b®  S?^te  W0^dvthen  correspond  with  1/2  fringe,  or  1/2+  \  displace¬ 
ment.  Tnis  could  be  achieved  by  deforming  the  elate  with  the  center 
screw  only.  As  soon  as  glass  plates  of  the  size  desired  with  a  uniformly 
curved  surface  are  available,  the  next  step;  to  deform  and  study  such 
plates;  will  be  started. 


SECTION  VII 


SUMMARY 


.  +Jl ll®,b: st-  Problem  arising  in  the  construction  of  interferometers 
is  the  flexibility  ox  large,  relatively  thin,  glass  plates.  As  far  as 
is  known,  no  quantitative  measuring  method  existed  up  to  the  present  for 
making  exact  surface  pictures  of  the  entire  area  of  unusually  large 
plates  m  one  step.  & 

An  interference  method  is  described  for  measuring  the  surface  condi¬ 
tions  exactly.  Hater  layers  were  used  which  covered  the  surface  to  be 
measured  and  interference  phenomena  produced  within  the  liquid  layer. 

layers  ffe  flmost  absolutely  flat  and  steadily  horizontal. 
JSL*"18 >  quantitative . measurement  on  36  inch  diameter  plates  and 
step^61^83100  pictureSi  showin2  almost  the  entire  area,  were  made  in  one 

i,m,+SeKinierfer!nCe  liquid  method  used  for  the  36  inch  plates  is  not 
limited  by  these  dimensions.  It  should  work  just  as  correctly  for  any 

be  K?  ^T15,“SJf-,pl?le<;Urfaces  beca'ml>  of  the  “tnr.  of  liquids^ to 
be  flat  and  horizontal,  if  free  from  disturbances.  The  flexibility 

problem  of  glass  plates  36  inches  in  diameter  by  1-1/2+  inches  thick  was 

by  th!  liquid  interference  method  in  connection  with  differ- 
orJ'?Jlg  syst®“f»  The  condition  of  an  unloaded  plate,  as  if  standing 

Sa  ++P  i°n*  Wa?  realized  ^  boating  the  plate  in  mercury. 

3?!  surface  pattern  of  an  unloaded  plate  shows  the  basic  surface  form 

shaped^ttern!  *°  *  Unifonnly  curved  surface  showing  a  pure  ring 

^+hiV^7+?ef0rma^°n/r°CeSS  connected  the  flexibility  and  caused 
or  °f  thf  plate  When  suPPorted  in  the  desired  position, 

?  13?-b7vSCf0WS  in  °rder  to  make  ^ical  corrections,  was 
?°m  X°  pattern  of  the  unloaded  plate.  Remarkable  improve¬ 

ment  was  found  when  using  a  center  screw  only  for  deforming  a  36  inch 

screw*?  flrmmHS+v!  te  s^owed  about  SO  fringes  when  supported  with  12 

+  n  l  tke  PeriPher7*  The  total  amount  of  deflection  was  reduced 
!  ^f?  of  the  original  deflection.  Using  a  number  of  screws  for 

he  deformation,  instead  of  the  center  screw  only,  did  not  bring  a 
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remarkable  improvement  of  the  result.  This  means  that  the  average  condi¬ 
tion  is  almost  dominated  by  the  effect  of  the  center  force  only.  This 
result  seems  to  be  very  promising  for  deforming  plates  with  a  uniformly 
curved  surface  and  with  as  few  as  5  to  10  pure  ring  shaped  fringes  as 
the  basic  figure. 
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